Introduction
Historically, it has been demonstrated that virtually all activities engaged on land result in some degree of impact on water systems (Conservation Ontario, 2001 ). For example, construction sites are considered significant sources of sediment loads into rivers and streams (MOE & TRCA, 1992; Clarifica, 2001; Harbor, 1999) . It is well documented that excessive sediment loads entering natural watercourses impairs downstream habitats (Kerr, 1995; Lee & Jones, 1984; Nighman & Harbor, 1995; Fennessey & Jarret, 1994; Bhaduri et al, 1995; Greb & Bannerman, 1997; Millen et al, 1997; Wu, 1989; MOE, 2000; Greenland Inc. & TRCA, 2000; Clarifica, 2001; Whipple, 1979; Waneilista and Yousef, 1993; Zarull et al, 1999) . Both the Ontario Ministry of the Environment (MOE), and the Toronto and Regions Conservation Authority (TRCA) have stated that soil erosion at construction sites are a major cause of the degradation of rivers and streams in urban areas. According to these government agencies, tons of sediment from construction activities is entering Ontario watercourses each year (MOE & TRCA, 1992) . This, coupled with ineffective erosion and sediment control measures, is responsible for the degradation of water quality and fish habitats, the reduction in navigation in waterways, and increase in flooding (MOE & MTRCA, 1992; Roesner, 1999; Clarifica, 2001 ). According to the Ontario Ministry of Municipal Affairs and Housing, Ontario will continue to grow, with an increase in 2.5 million new residents by the year 2015 (MAH, 2002) . Thus, excessive sediment loads generated from construction sites will continue to threaten significant portions of watercourses in Ontario.
Temporary sedimentation basins are commonly used in Toronto, and many other jurisdictions, to reduce receiving water impacts associated with runoff sediment from construction sites (Millen et al, 1997; Schueler & Lugbill, 1990; MOE, 2000; Greenland Inc. & TRCA, 2001; Fennessey & Jarret, 1994; Bhaduri et al, 1995) . These sediment control ponds are constructed according to specific design criteria that aim to trap sediments within the pond thereby reducing impacts at receiving waters (Nighman & Harbour, 1995; Millen et al, 1997; Papa et al, 1999) . In 1989, the MNR implemented a sizing criteria of sediment control ponds in Ontario based on a storage of 125 m 3 /ha and a detention time of 24 h in a dry pond setting (Clarifica, 2001) . MOE produced the Storm Water Management Practices Planning and Design Manual (SWMPP) in 1994 and guidelines (2003) that include design criteria for stormwater management ponds in developed areas. Subsequently, the TRCA recommended that both sediment control ponds during construction phase and stormwater quality control ponds after construction phase be sized in accordance to the MOE guidelines and a permanent pool be established to improve pollutant trapping efficiency (Clarifica, 2001) . It was believed that the sizing criteria and permanent pool requirement for the stormwater quality pond would provide higher removal efficiencies than the MNR design criteria for sediment control ponds. However, in 2001 the TRCA produced the Urban Construction Sediment Control Study that stated the design criteria were ineffective in controlling runoff from urban construction sites (Greenland Inc. & TRCA, 2001) . It is estimated that during construction, when soils are fully or partially exposed, rates of erosion can increase up to 40,000 times that of undeveloped lands or forests (Clarifica, 2001; Harbor, 1999) . These erosion rates, coupled with inefficient erosion and sediment control (ESC) practices, may violate regulatory requirements of the Federal Fisheries Act that prohibits any harmful alteration, disruption, or destruction of fish habitat (Clarifica, 2001) .
In the past decade, there have been several efforts, including the TRCA study, to address the issue of ineffective ESC measures. In 2002, the TRCA commissioned Clarifica Inc. to produce a report titled Investigation to develop an improved Sizing Approach for Construction Sediment Control Facilities. The report discussed the impacts of sediment releases to the environment, and presented a modeling framework to simulate ESC within construction sites. Within the same time period, TRCA commissioned Clarifica Inc. to develop a model by-law for municipalities within the TRCA jurisdiction to improve ESC measures from urban construction activities, and an implementation procedure for the new/revised by-law.
The ultimate goal for these efforts is to improve ESC measures by enhancing our knowledge on erosion processes and its impacts, improving sizing criteria for construction sediment ponds, and developing a simplified analytical tool for sizing SWM facilities. It is hoped that these efforts will result in the technology transfer to the appropriate municipal authorities. In order to reach this goal, a monitoring program was needed to evaluate the performance of a sediment control pond. There are very few research works on field performance evaluation of construction sediment ponds (Schuller & Lugbill, 1990; Oscanyon, 1975; Bhaduri et al, 1995 Nighman & Harbour, 1995 . Moreover, the implementation of the MOE criteria for construction sediment ponds has become a common practice in the Toronto area. However, construction sediment ponds designed using these criteria have not been evaluated using field monitoring programs (Clarifica, 2001) . Thus, there is a need to evaluate these sediment pond design criteria.
Monitoring construction sediment ponds can be difficult. The Metropolitan Washington Council of Governments in Maryland monitored the performance of sediment control measures commonly used within their jurisdiction (Schueler & Lugbill, 1990) . The study remarked how monitoring and site constraints made it difficult and sometimes impossible to collect data in the changing environment typical of construction sites (Schueler & Lugbill, 1990) . It also showed that monitoring could be difficult due to the extreme variability in suspended sediment concentrations entering the sediment controls (Schueler & Lugbill, 1990) . Thus, a greater understanding is needed for monitoring these variable and complex sites.
To evaluate the performance of a construction sediment pond designed using the MOE criteria, Ryerson University in cooperation with MOE, National Water Research Institute (NWRI), TRCA, Department of Fisheries and Oceans (DFO), Great Lakes Sustainability Fund (GSLF) and the Town of Richmond Hill conducted a field monitoring study in 2002. This chapter discusses the monitoring methodology and presents the monitoring results. The sediment control pond released stormwater runoff, which eventually discharged into Lake Wilcox downstream. There were two inlets servicing a total drainage areas of 15.1 ha (Figure 18 .1).
Site Description
According to the design engineer, the pond was designed with water quality criteria of 24 h detention of the runoff from a 25mm short duration storm (Sabourin Kimble & Associates Ltd., 2000) . Water quantity controls included 2 through 100 y post-to pre-development flows to a maximum outflow equalled to the capacity of a downstream roadside ditch (Sabourin Kimble & Associates Ltd., 2000) . The permanent pool volume was calculated using the MOE criteria assuming a Level 1 fisheries habitat classification (Sabourin Kimble & Associates Ltd., 2000) . The pond is equipped with a sediment forebay, where it is anticipated that the bulk of the coarse sediments will initially settle. To distinguish between the two inlets ( Figure 18 .1), the inlet located in the southwest end of the pond is referred to as 'Inlet 1070' (the diameter of the pipe is 1070 mm) while the second inlet, located on the opposite side is referred to as 'Inlet 510' (the diameter of the pipe is 510 mm).
Monitoring Objectives
In the 1994 MOE SWMPP guidelines, the design criteria regarding sedimentation, have raised several questions. For example, the SWMPP guidelines target sediment removal efficiencies are referred to urbanized stormwater runoff, not construction site runoff (Table 4 .1 in SWMPP, 1994). In addition, particle size distribution and settling velocities (Table 3 .3 in SWMPP, 1994) used to calculate the sizing of sediment forebays are also developed for urbanized stormwater runoff. It is not known whether construction sediment ponds designed using these criteria will be able to meet water quality objectives designed to protect downstream habitats. To address this issue, the objectives of the field monitoring study are to:
• monitor stormwater runoff entering and exiting the pond, • estimate the sediment removal efficiency, and • identify the particle size distribution of sediment.
Water quality samples were collected at the field, processed and analyzed at the MOE laboratory for the parameters listed in Table 18 .1. Furthermore, a tipping bucket rain gauge operated by the Town of Richmond Hill at a nearby municipal building was used to collect rainfall data.
Materials and Methods
The study objectives were met through the use of wet weather water quality sampling equipment.
To collect representative event data, flow measurements should be performed on the whole runoff event entering and leaving the pond (Pettersson, 1998) . The challenge was to collect representative water quality samples throughout the event using a fixed number of water sampling bottles. The monitoring equipment included water quality samplers, flow loggers, and area velocity sensors. Three monitoring stations were set up at the Richmond Hill site: one at each of the inlets; one at the outlet. Each station was set up to collect water quantity data and water quality samples. The equipment and their use at the Richmond Hill study site, and the methods used to implement the monitoring program follow.
Water Quality Samples
Three ISCO 6712 portable samplers were installed at the two inlets and one outlet of the pond. ISCO samplers have enough memory to store five sampling programs and the sampled data such as timing of samples can be viewed through the sampler display on the controlled units. (ISCO, 1993) . The samplers were set up to account for the variability in constituent concentration throughout the course of the runoff event. They were programmed to collect 1 discrete sample per bottle (a maximum of 24 bottles) at five-minute intervals, over a period of 120 min. It is important to recognize that the sampling period may not match the runoff event duration. As a result, the water samples may or may not be representative of the water quality characteristics of the runoff events. Each bottle could collect up to 1L of water sample. The samplers were equipped with discrete bottle or composite bottle kits. For each rainfall event, half of each discrete water sample was extracted for the analysis of total suspended solids (TSS) and the remaining half was combined with other discrete samples to form a composite sample. Composite samples were analyzed for all parameters outlined in Table 18 .1.
Flow Measurements
Flow data at the two inlets and the outlet were collected through the use of area velocity sensors and flow loggers. Based on the Doppler effect, an area velocity sensor directly detects the average velocity of a stream as flow moves up or downstream (ISCO, 1993) . It contains a differential pressure transducer that senses the hydrostatic pressure produced by the water above the sensor (ISCO, 1993) . In addition, it can also be programmed to trigger an automatic water sampler when there is an increase in water level or flow. At the Richmond Hill study site, three ISCO area velocity sensors (termed as A/V probes) were used to measure flow velocities at the two inlets and the one outlet of the pond. They were also programmed to trigger the water sampling based on an increase in the pond level. Three 4150 Flow Loggers, manufactured by ISCO Inc., (ISCO, 1993) were used to store the measure flows. The FLOWLINK3, ISCO's flow-data management software was used to program and download data from the flow loggers. Downloaded data were converted to Excel for interpretation and analysis.
Location of Monitoring Equipment
The location of a monitoring station depends on the type of data to be monitored. For example, the total runoff entering a pond can be monitored either at the upstream maintenance chambers (i.e. manholes) of the inlet sewers or at the inlet sewer outfalls. However, it was observed that a large bulkhead was positioned upstream of inlet 1070 to the Richmond Hill pond. While the bulkhead did obstruct the inlet flow, it was a characteristic of a typical construction sediment pond in Richmond Hill. An AV probe located upstream of the bulkhead could easily be flooded with backflow during a storm event or buried by accumulating sediment. Alternatively, an AV probe located immediate after the bulkhead, would be subject to a splashing "waterfall"-like condition resulting in incorrect measurements. For this study, the AV probe was located further downstream of the bulkhead where the flow was smooth and close to the inlet sewer outfall and pond interface. This was determined to be the best location for characterizing the inlet flow (ISCO,1997b) .
Equipment flooding was a concern in the Richmond Hill study. As stated previously, the pond was monitored during the construction phase of local housing developments where bulkheads were installed upstream of the inlets to limit the discharge of sediment to the pond. As a result, the runoff passed through a pool between the sewer maintenance chamber and the bulkhead before entering the pond. While flooding of the local street did not occur, the bulkhead could backup enough water to surpass the engineered level of the maintenance chamber (i.e. over the chamber shelf). This eliminated the possibility of placing the monitoring equipment underground in the chamber. In addition, fluctuating pond levels during an event raised concerns on placing the monitoring equipment along the edge of the pond. As a result, the monitoring equipment was located just above the engineered 100 year-storm waterline. Several metres of intake line and an AV probe extension cable were used to compensate for the long distance.
All three monitoring stations were positioned above ground in reinforced huts. Each hut was secured to the ground by several 4 ft t-bar posts, driven into the ground, and attached to the hut. Other methods can be used to anchor a monitoring station, depending on site characteristics and materials present that may hinder or be used as an advantage in securing a monitoring station. For example, materials such as the concrete structures, large rocks, and packed soils, will make post-driving a challenging task.
It is also important to consider the hydraulic head between the water sampler and the location of the intake sieve. For example, the maximum height an ISCO 6712 auto sampler can be positioned and still draw samples is 8.5m (28ft). The distance between sampling points and samplers can affect sampler performance by under/over filling bottles even with programmed adjustments (i.e. hydraulic head, intake line length) (ISCO, 1997a; ISCO, 2000) .
Rainfall Measurement
A tipping bucket rain gauge has been set up since 1996 on the roof of a municipal building located about one kilometer from the site by TQI Thompson Flow Investigation Ltd. on behalf of the Town of Richmond Hill.
Runoff data collected at the site were correlated with the rainfall data measured at the municipal building.
Security
All equipment should be installed with thought of vandalism. In order to prevent this, each monitoring station requires security and protection to all equipment. At the Richmond Hill site, security measures included, reinforcement of the monitoring huts with corner brackets and cross braces, attachment of the hut directly to a solid object (i.e. concrete footing or fence post), anchorage of the huts to the ground, locks for doors or lids, and protective PVC piping for intake lines and cables. If applicable, natural vegetation (i.e. low lying shrubs) can be used as a façade to hide the presence of the samplers. If a rain gauge is used as a triggering mechanism for the samplers, the gauge should be located high above the ground (i.e. roof top) or out in the middle of the pond.
Equipment Installation
The Richmond Hill study experienced several installation and programming issues. In order to protect both the intake lines and the AV probe cable, PVC pipings were used to thread the cables through. The pipings can be buried or attached to the cement of the culvert. Additionally, the pipings also protected the lines and cables from damage caused by animals and environmental exposure. By keeping the line exposure to a minimum, no equipment cables or sampling lines were severed or split during the monitoring period.
The position of the AV probe in an inlet pipe should be located in an area that is flat and has no obstructions. For instance, spaces that occur between fitted culverts can cause irregular flow (i.e. riffle water or white capped water). In this case, a probe positioned immediately downstream of this kind of riffled water can cause irregularities in level measurements (ISCO, 1997b) .
A stainless steel culvert ring can be used to attach the probe and intake to the inlet sewer pipe, but in some cases introduces error into the measurements. For example, space between the culvert and the bottom of the ring can cause water to flow above and below the ring. If the flow has a high velocity, the ring starts to vibrate, similar to a hydrofoil. The vibration can cause discrepancies in level measurements up to several millimeters.
The Richmond Hill study did not use a culvert ring, but simply attached the probe and intake directly to the culvert using metal strapping. It should be noted that any type of strapping should be positioned at the back of the AV probe in order to avoid blocking the Doppler signal (ISCO, 1997b).
Sampling Program and Procedures
During the first few events, the sampling program may have to be adjusted. in a trial and error period. Programming attributes such as the hydraulic head, length of line, pump rates, and purging cycles can be determined during installation. However, some programming features are difficult to determine until several events have occurred and the data is reviewed.
In the Richmond Hill study, flow proportionate sampling was originally requested. However, after an event, the pond experienced a slow drawdown time causing backflow into the two inlet pipes resulting in pooling and reverse flow measurements. The water samplers were not triggered properly to collect samples under the programming conditions. As a result, the sampler was subsequently set to trigger based on an increase in level and paced to collect every five minutes. The logged flow data (at five-minute intervals) and the samples could then be calculated to reflect flow proportioning.
Depending on site characteristics, a sample program set to collect at time-weighted samples at five-minute intervals (120 min total) should be monitored carefully. The Richmond Hill study experienced runoff peaks within the 120 min of sampling, enabling the analysis to be representative of the first flush. In addition, there was little or no baseflow at the inlets discharging into the pond and dilution was not a concern.
Results and Discussion
The monitoring program at the Richmond Hill sediment control pond commenced at the beginning of August 2002. Throughout the fall season, ending at the end of October, six events were collected. Tables 18.2 and  18 .3 show the quantity and quality characteristics of the influent and effluent at the sediment control pond.
The runoff coefficients of the site are found to be similar to those typically found in low-density residential development.
However, the hydraulic detention time and average drawdown time are much shorter than the design drawdown period of 48 hours. Nevertheless, the overall removal efficiency of total TSS is very high as indicated in Table 18 .3. Several studies have demonstrated that stormwater ponds can be sufficient in removing suspended solids (Wu, 1989; Bhaduri et al, 1995; Greb & Bannerman, 1997 ). Yet fine solids represent the majority of particulates in stormwater and carry the bulk of contaminants (Krishnappen & Marsalek, 2002) . If stormwater ponds can only trap coarse sediment, the pollutants associated with fine sediment may still exit the pond in large quantity. This is significant particularly with runoff generated at construction sites with fine soil. For example, a study conducted in Maryland on construction site runoff concluded that almost 90% of the particles were less than 15 microns (Schueler & Lugbill, 1990) . For the Richmond Hill study, six events, collected during the fall of 2002, had particle size distributions with more than 95% less than 42.2 microns ( Figure  18 .2). Typically, fine particles are difficult to settle unless they agglomerate in size due to flocculation. Based upon the high removal efficiency of total suspended solids at the Richmond Hill's pond, it is suspected that the fine solids might have flocculated. Table 18 .4 shows the removal efficiencies of various parameters over the monitoring period of 2002. Total suspended solids concentration of the influent was removed significantly while nutrients were successfully trapped within the basin. However, many of the heavy metals were experiencing lower removal efficiencies. In particular, iron, titanium, and cadmium experienced negative removal efficiencies which might suggest that there might be an internal source within the pond (i.e. bottom material), or from the eroded banks along the pond's edge.
The removal efficiencies of pollutants at a pond should not be the only determining factor of the pond's performance. The actual concentrations of the pollutants exiting the pond are considered to be the ultimate indication of the pond's ability to protect downstream habitat. For example, the results of this study indicate that high removal efficiencies do not determine safe levels of pollutant concentrations. Figure 18 .3 show a comparison of the outlet suspended solids concentrations and the European guidelines. Figure 18 .4 shows that some outlet metal concentrations were above the recommended Provincial Water Quality Objectives (PWQO). The permanent pool volume for the Richmond Hill pond was calculated using the SWMPP manual assuming a Level 1 fisheries habitat classification (Sabourin Kimble & Associates Ltd., 2000) . This volume is expected to perform 80% TSS removal efficiency (MOE, 1994) . Evidently, the total suspended solid removal efficiencies are higher than the requirement. However, some pollutants analyzed experienced lower than 50% removal efficiencies or even negative removal efficiencies. 
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Conclusions
Based on the study results, the following conclusion are drawn: 1. Stormwater management ponds in Toronto and surrounding regions are commonly converted into sediment control ponds during construction stage. However, there is not sufficient knowledge on the sediment control performance.
2.
This field study has demonstrated that the location of equipment and sampling strategy are very important for stormwater field monitoring programs. 3.
The sediment control pond in Richmond Hill was found to achieve high removal efficiency of suspended solids. 4.
The particle sizes of sediment entering the pond were very fine, making them difficult to settle unless some flocculation occurred. 5.
Both the removal efficiency and the effluent concentration should be considered as performance measures for sediment control ponds.
